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 Siderophores are molecules capable of binding ferric ions with high affinity (Ka = 
1052). This thesis outlines our attempts to synthesize an artificial siderophore, which 
incorporates a signaling group to help monitor the uptake of ferric ions. The artificial 
siderophore is a tripodal molecular receptor synthesized in a five-step procedure with a 
proposed final sixth step. Rhodamine 6G azide (95.0% yield) was formed from 
rhodamine 6G and the synthesis of 2-azidoethanamine was modified from the literature. 
The tripodal arm portion of the sensor was successfully synthesized by protecting the 
catechol of 2,3-dihydroxybenzaldehyde to form 3-formyl-1,2-phenylene 
dimethanesulfonate (98.8% yield). The reduction of the aldehyde in the previous 
compound to a primary alcohol formed 3-(hydroxymethyl)-1,2-phenylene 
dimethanesulfonate (86.6% yield), which then underwent a nucleophilic substitution to 
yield 3-(bromomethyl)-1,2-phenylene dimethanesulfonate (80.0% yield). The product of 
the nucleophilic substitution then successfully underwent a bimolecular nucleophilic 
substitution to yield the mesyl protected tripodal arm (76.8% yield).  
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Chapter 1 - Introduction 
1.1 General Siderophore and Iron Background 
 Iron is considered an essential trace element, or an element present in amounts of 
mgkg-1 or lower, required for biological and metabolic activities.1–3 Siderophores (Greek 
for “iron carrier”) are molecules with a high affinity for ferric ions (Fe3+) typically 
produced by bacteria and plants.4–9  
 Ferric ions are known as “hard” acids, and they will form thermodynamically 
stable bonds with “hard” bases (Table 1.1). The hard and soft nature of a Lewis acid and 
base can be described as follows: “hard,” or nonpolarizable, small ionic radius, highly 
charged, and resists oxidation; and “soft,” or polarizable, large ionic radius, not highly 
charged, and susceptible to oxidation.10 The Fe3+ ions are classified as hard Lewis acids, 
which will readily coordinate to hard or borderline Lewis bases, especially those 
containing oxygen and nitrogen atoms with lone pairs of electrons. 
Table 1.1: Lewis acids and bases categorized into hard, borderline, and soft. 
 Lewis Acids Lewis Bases 
Hard AlCl3, BF3, H+  
Fe3+, Cr3+, Mg2+ 
H2O, OH-, NH3 
Cl-, F-, NO3- 
Borderline Fe2+, SO2, Zn2+ N3-, py, PhNH2 
Soft Ag+, Pt2+, Cd2+ 
BH4, Au+, M0 
SCN-, CN-, SH- 
CO, I-, S2O3- 
 The proposed sensor design utilizes these acid-base definitions to better 
understand the coordinating nature of Fe3+ ions to Lewis basic sites. With this 
understanding, the synthesis route for the sensor can focus on the addition of hard Lewis 
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basic sites exhibiting enhanced coordination to Fe3+ ions, thus better mimicking the 
Lewis basic sites present on natural siderophores. 
1.2 Biological Importance of Ferric Iron 
Ferric ions are essential in the metabolism of oxygen, regulation of body 
temperature, and synthesis of ribonucleic acid and deoxyribonucleic acid.11,12 The 
concentration of Fe3+ ions in biological systems must be monitored to ensure avoidance 
of excess or deficient Fe3+ ion concentrations.13 Ferric ions in excess, or concentrations 
lower than the proposed daily dietary allowance of 8 mg for males and 18 mg for females 
aged 19 to 50 years have been linked to possible causes for the development of 
neurodegenerative diseases including Parkinson’s and Alzheimer’s disease (Table 1.2).14–
17 Ferric ion deficiency is measured by analyzing the serum ferritin concentration. When 
the serum ferritin concentration has dropped to 12 µgL-1 or lower, all stores of iron in the 
body have been depleted.17 Iron deficiency can lead to heart failure, kidney damage, 
anemia, and liver damage (Table 1.2).1,17,18 
Table 1.2: Biological benefits, excess, and/or deficiency in common metal ions.12,17,19–21 
Metal ion Biological Functions In Excess/Deficiency Upper Intake 
Levels (mg) 
Fe2+/Fe3+ Oxygen uptake, electron 
transfer, oxygen 
metabolism 
Low oxygen delivery, low blood 
pressure, anemia 
45 
Cu2+ Bone formation, 
development of connective 
tissues 
Wilson’s disease, cellular 
metabolism interference, liver 
cirrhosis 
10 







1.3 Environmental Siderophores 
Bacteria and plants growing in iron-depleted conditions produce siderophores to 
aid in iron acquisition. For example, Enterobactin, (Figure 1.1) a common, naturally 
occurring siderophore, is found in bacteria such as Escherichia coli.2223 
 
Figure 1.1: Structure of Enterobactin. 
Many siderophore-producing bacteria are located in ocean waters where iron is 
present in less than 1×10-6 M, which is lower than optimal for the growth of marine 
bacteria.24 To acquire iron for the growth of bacteria, the organisms produce siderophores 
to increase the concentration of iron in the bacteria’s system. For example, Enterobactin 
binds Fe3+ ions in a 1:1 molar ratio with a binding affinity of 1052 M-1.25 However, not all 
bacteria can produce siderophores but can acquire siderophores produced by other 
bacteria for iron transport. Bacteria incapable of producing native siderophores may also 
extracellularly reduce ferric ions to ferrous ions (Fe2+) as a substitute method to increase 




1.4 Biological Applications of Artificial Siderophores 
The industrial push for the synthesis of artificial siderophores that can operate 
within physiological conditions (pH 7.35-7.45) has increased with the hopes of utilizing 
the probes for the specific and sensitive detection of metal ions in biological systems.28 
The rhodamine dye has been shown to act as both the chelate motif and a chromophore to 
bind and monitor metal ions in biological applications, given that the physiological pH 
resides within the optimal pH range for rhodamine-based probes. Studies concerning the 
stability of rhodamine-based artificial siderophores used in biological systems are being 
conducted. The probes have been tested in human breast cancer cells (MCF-7 cells) for 
cytotoxicity, and have been implanted into Zebrafish embryos.29–32 In addition, enzymes 
that process substrates involved in the synthesis of biosynthetic siderophore analogs have 
been explored for use in biological systems as inhibitors in antibiotic research.33,34 
1.5 Artificial Siderophore Synthesis in the Wallace Research Group 
The synthesis of artificial siderophores has been investigated in order to develop 
sensitive probes for the detection of a select metal or group of metals. Rhodamine-based 
compounds have successfully been incorporated into artificial siderophore synthesis 
strategies to aid monitoring the ferric ions via a colorimetric and fluorescence optical 
response. These fluorescence and colorimetric responses are easily quantified using 
absorption and fluorescence bands, typically seen between 500 and 600 nm.35–37 
Colorimetric probes are favorable in metal detection research, as an optical response can 
be determined by naked-eye detection.11 This type of sensor is commonly referred to as 
an “off-on” molecular probe, as the sensor is colorless in the absence of ferric ions, but an 
optical response is seen upon the addition of ferric ions.  
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The Wallace Group has prepared molecular probes to monitor different cationic 
species, for example Cu2+, Fe3+, Fe2+, and Zn2+ ions. Based on this previous work we 
developed a synthetic strategy to prepare sensor 1.0 (Figure 1.2). This strategy builds 
upon an existing rhodamine molecule in order to optimize the selectivity of previous 
probes in the detection of Fe3+ ions in ultralow concentrations without interference from 
Cu2+, Fe2+, and Hg2+ ions.  
Molecular sensor 1.0 was designed based on the structure requirements of natural 
siderophores to mimic the binding sites proven to coordinate with Fe3+ ions. The catechol 
groups (highlighted red) in the Enterobactin structure will be incorporated into the 
molecular receptor on compound 1.0 to coordinate with Fe3+ ions (Figure 1.2). Therefore, 
two catechol binding sites and another coordination environment (highlighted blue) will 
form three bidentate motifs needed to encapsulate the metal ion in a thermodynamic 
manner, based on the chelate effect and hard-soft acid-base (HSAB) nature of the Lewis 
acid-base adduct (Figure 1.2). The proposed synthetic route would allow us to design a 
tripodal molecular sensor, mimicking a biological receptor, anticipated to coordinate iron 
within the ultralow concentration (1×10-9 M to 1×10-15) range. 
 
Figure 1.2: Comparison of Enterobactin and proposed sensor. The catechols (red) and binding sites (blue) 
are shown here. 
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Chapter 2 - Literature Review 
2.1 Artificial Siderophores 
Siderophores have been explored for the purpose of transporting Fe3+ ions across 
cell membranes to regions of depleted ferric ion concentration. Artificial siderophores 
have advantages over naturally occurring molecules (Table 2.1). These advantages 
include more straightforward synthesis and fine-tuned solubility in varying 
environments.38 Artificial siderophores may also be manipulated to increase coordination 
of metal ions by adding functional groups.38 Artificial siderophores utilize Lewis bases as 
functional groups to resemble the general structure and coordinating function of the 
groups seen on natural siderophores (Table 1.2). When synthesizing an artificial 
siderophore, the resulting chelate ring size, overall stability, additional functional groups, 
and hydrophilic or hydrophobic properties should be considered in order to manage the 
siderophore’s sensitivity and selectivity for Fe3+ ions.26 
Table 2.1: Broad advantages and disadvantages of artificial siderophores. 
 Advantages Disadvantages 
Artificial Siderophores Fine-tuned solubility in varying 
environments; 
Manipulated to exhibit specific 
binding environments 
Must be synthesized; 
Trial and error in synthesizing 
expected binding environments 
 
2.2.0 Rhodamine-based Synthesis Methods for Artificial Siderophores 
Rhodamines, a family of fluorescent dyes, have been utilized as a spectroscopic 
handle to help monitor the analyte. The rhodamine functional group can act as both a 
chromophore and a fluorophore. Two “classic” rhodamine dyes often used in sensor 
7 
 
design are rhodamine B and rhodamine 6G (Figure 2.1).39 Derivatives of rhodamine have 
been extensively utilized due to their desired properties, such as water solubility and 
stability (thermal and light). These properties can be desirable in an artificial probe that is 
frequently exposed to natural light.40,41 Bioavailability properties may also be increased 
when using rhodamine. Longer emission (>590 nm) and excitation (>550 nm) 
wavelengths and larger coefficients of absorption can also be observed with rhodamine 
dyes.37,42 
 
Figure 2.1: Two common rhodamine molecules used in probe synthesis. 
The sensing mechanism of rhodamines, namely the spirolactam ring opening and 
closing, allows for the dye’s simple “off-on” sensing. When a rhodamine molecule forms 
a chelating complex with a metal cation, such as the Fe3+ ion, a spirolactam ring opening 
occurs (Scheme 2.1).43 The spirolactam, when closed, exhibits sp3 hybridization and is 
considered to be in the “off” position. When the ring-opening occurs, the hybridization of 
the carbon atom (highlighted red) changes from sp3 to sp2 hybridization, and a 
spectroscopic signal is seen, i.e., turns “on.” Upon ring-opening of the spirolactam ring, 
the molecule exhibits a characteristic absorbance band near 560 nm and a fluorescence 
band near 600 nm as the color of the solution changes from colorless to pink.44–46 The 
color change acts as a “switch,” determining when the complex with the probe has either 
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formed or disappeared.47–49 This change can be detected by our eye as a distinct color 
change is observed. A significant drawback is the lack of sensitivity in colorimetric 
systems.50 However, another optical feature of these molecules is that these compounds 
are fluorescent. The fluorescent properties of rhodamine dyes have aided in the 
molecules’ extensive use in detectors for metal ions.47,48  
Scheme 2.1: Spirolactam ring-opening in response to metal ion coordination produces an "on" response. 
The coordinating ion, Mn+, indicates a nonspecific metal ion capable of binding to the sensor.44 
 When synthesizing a rhodamine-based sensor, the coordination environment of 
the final molecular probe must be considered to accurately predict metal ion binding. In 
general, Fe3+ ions will bind to several common motifs (Table 2.2).  
Table 2.2: Common ligands capable of binding to Fe3+ ions. 






2.2.1 Rhodamine B Derived Molecular Probes for Fe 3+ Ions 
Rhodamine B is one of the rhodamine dyes frequently used for the selective 
detection of Fe3+ ions.15,31,42 Yang et al.35 utilized rhodamine B to synthesize a probe with 
increased selectivity for Fe3+ ions over other trivalent metal ions in bioimaging 
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applications. The proposed mechanism for Yang et al.’s probe 2.1 involved a spirolactam 
ring opening (Scheme 2.2).
 
Scheme 2.2: Ring-opening of probe 2.1 for selective Fe3+ ion detection.35 
The response of probe 2.1 in various pH buffers was studied to determine the pH 
range in which the probe exhibited the lowest absorbance. The optimal pH range was 
shown to be between 4 and 10. Below pH 4, the spirolactam ring, which exhibits proton-
driven ring openings, was affected by the acidic solution. Since physiological pH resides 
between 7.35 and 7.45 in blood and plasma, probe 2.1 was determined unaffected and, 
thus, useful for possible Fe3+ ion detection at physiological pH.28  
In addition, Yang et al.35 performed titrations in a Tris-HCl buffered solution (pH 
7.3) in a water-DMSO mix (99:1, v/v) to determine the response of probe 2.1 to an 
increasing concentration of Fe3+ ions.35 A constant concentration of probe 2.1 was 
maintained as the concentration of Fe3+ increased. The results indicated an increased 
fluorescence intensity at 585 nm and an absorption peak at 561 nm.35 The increased 
absorption band could be easily observed as the probe-ion coordination complexes 
formed and turned the solution from clear to pink. The maximum absorbance recorded 
occurred when ion concentration versus ion-probe concentration was 0.5, indicating the 
probe formed a 1:1 complex with the ions present.35 Drastic hyperchromic shifts in the 
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fluorescence intensity spectra or absorption spectra did not occur when the probe was 
introduced to monovalent and divalent metal ions. A slight hyperchromic shift at 560 nm 
was reported when probe 2.1 was in contact with Al3+ and Cr3+ ions, but the increase in 
fluorescence intensity was not nearly as large as the increase in intensity occurring from 
contact with Fe3+ ions (Figure 2.2).35   
 
In a similar study, Nayab et al. synthesized probe 2.2 from rhodamine B 
hydrazide for Fe3+ ion detection. 36 The proposed mechanism for probe 2.2 involved a 
similar spirolactam ring opening to form an intermediate, which is then hydrolyzed to 
rhodamine B to resolve the intermediate’s instability (Scheme 2.3). Nayab et al. based 
this mechanism on mass spectrometry (MS) data. 36 Before the addition of Fe3+, the mass-
to-charge ratio for probe 2.2 was m/z = 587. With the addition of Fe3+, the prominent 
mass-to-charge ratios were m/z = 443 and m/z = 471, indicating the original probe 
fragmented to yield the intermediate compound (m/z = 471).36 
Figure 2.2: Hyperchromic shifts of metal ions introduced to probe 2.1 in solution. Reprinted from Chin. 
Chem. Lett., 26, Yang et al., A Simple, Water-soluble, Fe3+-selective Fluorescent Probe, 129-132, 
Copyright (2015), with permission from Elsevier. 
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Scheme 2.3: Proposed coordination of probe 2.2 for Fe3+ ions. The structure in the middle is unstable and 
hydrolyzed to yield the product on the right.36 
Probe 2.2 was found to exhibit its lowest pH-dependent absorbance within a pH 
range from 5 to 8, which indicated the optimal use of the probe in physiological pH 
similar to Yang et al.’s35 probe 2.1.36 Probe 2.2 was introduced to aqueous solutions 
containing different metal ions in acetonitrile (CH3CN)-aqueous HEPES buffer (5:5, v/v; 
pH 7.2) and resulting fluorescence intensity or absorbance bands were recorded (Figures 
2.3(a) and 2.3(b)). Probe 2.2 exhibited hyperchromic shifts in fluorescence intensity at 
585 nm and absorbance at 550 nm when in contact with Fe3+ ions. A color change from 
clear to pink served as a naked-eye detection for the hyperchromic shift in absorption. 
Probe 2.2 did not exhibit hyperchromic activity when in contact with the other added 
metal ions, thus reinforcing the ability of the probe to selectively interact with Fe3+ ions 
in solution. Additionally, the detection limit of probe 2.2 was calculated to be 5.1×10-6 
M, the association constant was determined to be 3.4×104 M-1, and the molar fraction of 
[Fe3+]/[Fe3+][probe 2.2] indicated a 1:1 complex formation.36 
12 
 
Similarly, Sheng et al. synthesized a selective rhodamine B-based probe, probe 
2.3, for the detection of Fe3+ ions over Cr3+ ions.51  Absorption studies and fluorescent 
titrations were performed in a methanol/water (1:99) buffered solution (20 mM HEPES, 
50 mM NaNO3, pH 7.0). 
Scheme 2.4: Ring opening for probe 2.3 coordination to Fe3+ ions.51 
When probe 2.3 was introduced to Fe3+ ions in solution, the complex formed and 
exhibited a bright red color indicated by the increase in the absorption spectra of the 
solution near 568 nm. Prior to the addition of Fe3+ ions, the absorption spectra of probe 
2.3 lacked absorption in the 500 nm region, and the spirolactam ring remained closed 
Figure 2.3: (a) Fluorescence and (b) absorbance spectra resulting from probe 2.2-ion complex. Reprinted 
from J. Photochem. Photobiol., 347, Nayab et al., A Highly Sensitive “Off-On” Optical and Fluorescent 
Chemodosimeter, 209-217, Copyright (2017), with permission from Elsevier. 
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(Scheme 2.4). When both Fe3+ ions and Cr3+ ions were introduced to probe 2.3, the 
resulting fluorescence intensity recorded a notable hyperchromic shift, indicating that the 
spirolactam ring had opened. No color change occurred when in contact with Cr3+ ions, 
indicating that the probe 2.3 exhibited a greater selectivity for Fe3+ ions over other +3 
charged metal ions.51 Additionally, the molar fraction of [Fe3+]/[Fe3+][probe 2.3] 
indicated formation of a 1:1 complex when probe 2.3 was introduced to Fe3+ ions in 
solution, and the Kd was determined to be 1.9×10
-5 M.51 
2.2.2 Rhodamine 6G for the Detection of Fe3+ Ions 
Rhodamine 6G has also been incorporated into molecular probes. Kim et al.37 
chose rhodamine 6G in the synthesis of probe 2.4 immobilized in silica. Advantages of 
immobilizing the probe in silica over other explored trivalent metal ion-detecting probes 
included higher porosity, increased surface area, and greater thermal stability. The 
synthesis of the immobilized probe seemed superior to conventional probe synthesis 
given the resulting compact probe design and decrease in the volume of fluid 
consumption. 
Scheme 2.5: Proposed coordination of silica-immobilized probe 2.4 to Fe3+ ions.37 
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Absorption studies and fluorescent titrations were performed in aqueous solution. 
To indicate the selectivity of probe 2.4 towards Fe3+ ions over other metal ions, various 
metal ions were introduced to the probe solution. The most prominent fluorescence 
intensity of probe 2.4 was exhibited at 552 nm when in contact with Fe3+ ions, which 
promoted ring-opening (Scheme 2.5). This probe-ion complex exhibited a fluorescent 
yellow hue (Figure 2.4). Probe 2.4 was shown to be less selective for Fe3+ ions than probe 
2.236 as probe 2.4 formed complexes with Al3+ and Hg2+ to generate hyperchromic shifts 
in fluorescence intensity at 552 nm. However, due to the large gap in intensity between 
the Fe3+ ion band and Al3+ and Hg2+ bands, probe 2.4’s selectivity for Al3+ and Hg2+ ions 
was deemed negligible as no shifts in emission were recorded.37 Additionally, the 
association constant for Fe3+ ions was calculated to be 8.5×103 M-1.37 
2.3 Improvements in Selectivity and Sensitivity  
 After reviewing previous advancements in rhodamine-based sensors for the 
detection of Fe3+ ions, one may conclude that most sensors are sensitive to Fe3+ ions but 
not entirely selective. In some cases, such as the rhodamine 6G based probe synthesized 
Figure 2.4: Hyperchromic shifts in fluorescence intensity observed when probe 2.4-ion complex formed. 
Reprinted from Sens. Actuators, B, 224, Kim et al., A Rhodamine Scaffold Immobilized onto Mesoporous 
Silica, 404-412, Copyright (2016), with permission from Elsevier. 
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by Kim et al.37, the probe forms complexes with other metal ions that are, however, 
characterized by minimal hyperchromic shifts in fluorescence intensity. The sensor 
synthesized in this research project looks to increase the selectivity of the rhodamine-
based sensor for Fe3+ ions to yield a selective Fe3+ ion molecular probe.  
16 
 
Chapter 3 - Materials and Methods 
3.1 General Techniques 
One-dimensional (1H, 13C) NMR spectra were recorded on a Bruker Ultrashield 
plus 400 MHz spectrometer in the appropriate deuterated solvents or on a Bruker 
Advance 600 MHz spectrometer. Chemical shifts are reported in parts per million (ppm) 
downfield from tetramethylsilane (0 ppm) as the internal standard and coupling constants 
(J) are recorded in hertz (Hz). The multiplicities in the 1H NMR spectra are reported as 
(br) broad, (s) singlet, (d) doublet, (dd) doublet of doublets, (ddd) doublet of doublet of 
doublets, (t) triplet, (sp) septet and (m) multiplet. All spectra are recorded at ambient 
temperature. UV-Vis spectra were recorded on a Beckman DU-70 UV-Vis spectrometer. 
Low-resolution mass spectra were measured with Finnigan TSQ70 and VG Analytical 
ZAB2-E instruments. IR spectra were recorded on a Nicolet Nexus 470 FT-IR paired 
with a Smart Orbit ATR attachment; the characteristic functional groups are reported in 
wavenumbers (cm-1), and are described as weak (w), medium (m), strong (s) and very 




3.2 Experimental Procedures 
Rhodamine 6G azide (3.4)  
 
The experimental procedure for the sysnthesis of compound 3.2 was modified 
from literature.52 Sodium azide (1.77 g, 0.026 mol) and 2-bromoethylamine 
hydrobromide (1.77 g, 0.009 mol) were added to water (5.0 mL) and heated and stirred 
for 24 h at 75 °C. The reaction was cooled to 0 °C. Aqueous potassium hydroxide was 
added to adjust the pH to 9. The solution was extracted with ether. The resulting organic 
layer was washed with saturated sodium chloride solution and dried using sodium sulfate 
(Na2SO4). The Na2SO4 was filtered out of the solution, and excess solvent was removed 
from the filtrate under reduced pressure. The desired product, compound 3.2, was a 
yellow oil. The yield of compound 3.2 was not calculated to reduce product loss due to 
the extreme volatility and the amount required for the next step in the reaction. 1H NMR 
(400 MHz, CDCl3): δ, ppm 3.35 (1H, t, J = 5.6 Hz), 2.86 (2H, t, J = 5.6 Hz), 1.52 (2H, s). 
13C NMR (101 MHz, CDCl3): δ, ppm 53.6, 40.3. IR; 3363 νN-H (br) , 2938 νsp
3
 C-H (w), 
2097 νN=N=N (m), 1574 νN-H (w). 
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 The 2-azidoethanamine formed was immediately reacted with rhodamine 6G 
(0.495 g, 0.001 mols) in methanol in a 9:1 molar ratio. The mixture refluxed overnight, 
yielding compound 3.4 (0.473 g, 0.001 mols, 95.0 %). ¹H NMR (400 MHz, CDCl3): δ, 
ppm 7.96 - 7.93 (1H, m), 7.48 - 7.45 (2H, m), 7.07 - 7.04 (1H, m), 6.35 (2H, s), 6.23 (2H, 
s), 3.53 (2H, t, J = 5.1 Hz), 3.29 (2H, t, J = 7.0 Hz), 3.26 - 3.18 (4H, m), 2.94 (2H, t, J = 
7.0 Hz), 1.91 (6H, s), 1.33 (6H, t, J = 7.1 Hz). 13C NMR (101 MHz, CDCl3): δ, ppm 
168.4, 153.5, 151.7, 147.6, 132.7, 130.8, 128.4, 128.2, 123.8, 123.0, 105.7, 96.5, 65.0, 
48.8, 39.0, 38.4, 16.7, 14.7. IR; 3369 νN-H (w), 2969, 2928 νsp
3
 C-H (w), 2100 νN=N=N (m), 
1682 νC=O (s). 
3-formyl-1,2-phenylene dimethanesulfonate (3.6) 
 
2,3-dihydroxybenzaldehyde (2.00 g, 0.014 mmol) was dissolved in ethyl acetate 
(EtOAc) in a round bottom flask (100 mL) and cooled to 0 °C by placing the flask in an 
ice bath. Triethylamine (TEA, ~6.0 mL, 0.044 mol) was added to the solution in the flask 
before mesyl chloride (2.9 mL, 0.038 mol) was added in a dropwise fashion. A yellow 
precipitate formed as the mesyl chloride was added. The mixture reacted for 30 minutes 
before quenching with water and extracting with EtOAc. The resulting organic layers 
were dried using magnesium sulfate (MgSO4). The MgSO4 was filtered out of the 
solution, and excess solvent was removed from the filtrate under reduced pressure to 
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yield compound 3.6, a thick orange oil (4.20 g, 0.014 mols, 98.8% yield). 1H NMR (400 
MHz, CDCl3): δ, ppm 10.23 (1H, s), 7.89 (1H, dd, J = 1.5, 7.9 Hz), 7.73 (1H, dd, J = 1.6, 
8.2 Hz), 7.52 (1H, t, J = 8.0 Hz), 3.44 (3H, s), 3.30 (3H, s). 13C NMR (101 MHz, CDCl3): 
δ, ppm 142.3, 141.9, 131.7, 129.2, 128.9, 128.5, 39.7, 38.8. IR; 3030 νsp
2
 C-H (w), 2929, 
2894 νsp
3
 C-H (w), 1699 νC=O (s). 
3-(hydroxymethyl)-1,2-phenylene dimethanesulfonate (3.7)  
 
The reduction of the aldehyde was modified from the literature.53 3-formyl-1,2-
phenylene dimethanesulfonate (2.00 g, 0.007 mol) and methanol (~3 mL) were combined 
in a round bottom flask. A stir bar was added to the flask to stir the solution before the 
dropwise addition of sodium borohydride (NaBH4, 0.515 g, 0.014 mol) in methanol over 
10 minutes. The mixture stirred for 30 minutes as the originally dark orange solution 
turned pale yellow with the addition of NaBH4. Methanol was evaporated from the 
mixture before extracting the remaining sample with EtOAc and water. The resulting 
organic layer was dried using Na2SO4. The dried organic layers were filtered using celite, 
and excess solvent was removed from the filtrate under reduced pressure to yield 
compound 3.7, a thick pale-yellow oil (1.74 g, 0.006 mols, 86.6% yield). 1H NMR (400 
MHz, CDCl3): δ, ppm 7.49 (1H, dd, J = 2.1, 7.4 Hz), 7.39 (2H, dd, J = 2.0, 8.2 Hz), 7.34 
(2H, t, J = 7.8 Hz), 4.73 (2H, s), 3.38 (3H, s), 3.21 (3H, s), 2.74 (1H, s). 13C NMR (101 
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MHz, CDCl3): δ, ppm 141.7, 139.1, 137.5, 128.9, 128.4, 122.7, 59.9, 39.4, 38.4. IR; 3533 
νO-H (s), 3021 νsp
2
 C-H (w), 2936 νsp
3
 C-H (w). 
3-(bromomethyl)-1,2-phenylene dimethanesulfonate (3.8) 
 
3-(hydroxymethyl)-1,2-phenylene dimethanesulfonate (1.66 g, 0.006 mol) and 
dichloromethane (DCM, ~10 mL) were added to a round bottom flask and cooled to 0 °C 
by placing the flask in an ice bath. A micropipette was used to add phosphorous 
tribromide (PBr3, 0.639 mL, 0.007 mol) to the flask before the mixture reacted for 1 h at 
room temperature. After 1 h, the mixture in the flask was extracted with DCM and water. 
The resulting organic layers were washed with brine and dried using MgSO4. The MgSO4 
was filtered out of the solution, and excess solvent was removed from the filtrate under 
reduced pressure to yield compound 3.8, a beige solid (1.60 g, 0.005 mols, 80.0% yield). 
1H NMR (400 MHz, CDCl3): δ, ppm 7.49 (1H, dd, J = 1.7, 3.7 Hz), 7.46 (1H, dd, J = 1.6, 
4.5 Hz), 7.35 (1H, dd, J = 7.7, 8.4 Hz), 4.60 (2H, s), 3.46 (3H, s), 3.24 (3H, s). 13C NMR 
(101 MHz, CDCl3): δ, ppm 142.0, 139.4, 134.5, 130.2, 128.4, 123.5, 39.9, 38.4, 26.3. IR; 
3084, 3032 νsp
2
 C-H (w), 2934 νsp
3






Mesyl protected tripodal arm (3.9) 
 
3-(bromomethyl)-1,2-phenylene dimethanesulfonate (0.50 g, 0.001 mol), 
tetrahydrofuran (THF, ~4 mL), TEA (0.390 mL, 0.003 mol), and propargylamine (0.096 
mL, 0.001 mol) were added to a round bottom flask. The solution in the flask was stirred 
and refluxed for 4 h. Another addition of 3.8 (0.50 g, 0.001 mol), THF (~4 mL), and TEA 
(0.390 mL, 0.003 mol) was added to the crude product and allowed to react overnight. 
The resulting mixture was extracted using DCM and water before the aqueous layer was 
washed with brine. The washed aqueous layer was dried and filtered using MgSO4 and 
celite, respectively, before concentrating the filtrate under reduced pressure to yield 
compound 3.9 (0.657 g, 0.001 mols, 76.8%). ¹H NMR (400 MHz, CDCl3): δ, ppm 7.57 
(1H, dd, J = 1.6, 7.8 Hz), 7.50 (1H, dd, J = 1.6, 7.7 Hz), 7.42 (1H, dd, J = 1.7, 5.2 Hz), 
7.40 (1H, dd, J = 1.8, 5.3 Hz), 7.33 (2H, dt, J = 2.4, 11.9 Hz), 4.01 (2H, s), 3.90 (2H, s), 
3.46 (2H, d, J = 2.4 Hz), 3.44 (3H, s), 3.35 (3H, s), 3.24 (3H, s), 3.22 (3H, s), 2.27 (1H, t, 
J = 2.4 Hz). 13C NMR (101 MHz, CDCl3): δ, ppm 141.9, 140.2, 135.1, 129.7, 127.9, 
122.2, 51.9, 42.3, 39.7, 38.3. IR; 3283 νsp C-H (w), 3033 νsp
2
 C-H (w), 2921, 2850 νsp
3
 C-H 
(w), 1584 νC=C (w). 
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Attempted preparation of tripodal sensor (3.10) 
 The attempted preparation of compound 3.10 involves dissolving compound 3.9 
(1 eq) and rhodamine 6G azide (1 eq) in a methanol and water solution. Copper(II) 
sulfate (CuSO4, 0.1 eq) and sodium ascorbate (0.4 eq) would be added to the solution 
before stirring at 60 °C for 24 h. A deprotection would then be attempted by reacting the 




Chapter 4 – Results and Discussion 
4.1 Synthesis of the Rhodamine Portion of the Sensor 
With the exception of the final click step in the synthesis of the sensor, each 
intermediate compound was successfully completed, isolated and characterized. The 
synthesis of the tripodal molecular sensor 3.10 was carried out via a multistep approach 
beginning with the synthesis of rhodamine 6G azide in a two-step one-pot synthesis 
(Scheme 4.1). 2-Bromoethylamine reacted with sodium azide to form compound 3.2. The 
resulting azide group can readily be detected through IR analysis as the azide exhibits a 
strong characteristic stretch near 2100 cm-1. The appearance of the azide stretch would 
indicate the successful formation of compound 3.2. Compound 3.2 is extremely volatile; 
therefore, the reaction was carried out in situ in a one-pot reaction synthesis as rhodamine 
6G in methanol was added to the mixture at the completion of the first reaction. The 
reaction of the azide with the rhodamine formed compound 3.4 with the spirolactam ring 
characteristic of “off-on” rhodamine-based sensors. The synthesis of the rhodamine 6G 
azide is vital to the coordination mechanism of the final tripodal sensor as one of the 
nitrogen atoms from the azide would act as a Lewis base to coordinate Fe3+ ions present. 
Scheme 4.1: Complete synthesis of tripodal molecular sensor 3.10. (a) NaN3, water, 75 °C for 24 hrs, 
KOH; (b) MeOH, reflux overnight; (c) 3 eq. TEA, 2.6 eq. MsCl, EtOAc, 0 °C for 0.5 hrs; (d) xs NaBH4, 
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MeOH, 1 hr; (e) DCM, 1.2 eq. PBr3, rt for 1 hr; (f) 1 eq. propargylamine, 2 eq. TEA, THF, 60 °C for 4 hrs; 
(g) 0.1 eq. CuSO4, 0.4 eq. sodium ascorbate; MeOH:H2O 9:1, 60 °C for 24 hrs, NaBH4 Δ overnight. 
4.2 Addition of Catechol Groups to Emulate Natural Siderophores 
  
Scheme 4.2: Proposed mechanism of coordination for the attempted sensor 3.10. 
The overall synthetic approach was the attempted preparation of a molecular 
probe that behaves as an artificial siderophore. The target molecule 3.10 is a tripodal 
molecular probe that will bind ferric ions within the cavity (Scheme 4.2). This binding 
motif was chosen as we anticipate that coordination environment would increase the 
binding constant of Fe3+ ions. Thus, the motifs incorporated into the organic scaffold 
were chosen to enhance coordination by mimicking the structure of a natural siderophore, 
such as Enterobactin, a known iron chelator (Figure 4). 
 
Figure 4: Comparison between characteristic catechol groups on Enterobactin and the synthesized sensor. 
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The tripodal arm portion of sensor 3.10 was synthesized from a four-step process 
involving the protection of the catechol groups of the starting material 3.5. 2,3-
dihydroxybenzaldehyde, TEA, and mesyl chloride were reacted to yield compound 3.6 
with mesyl-protected catechol groups. The success of this protection step could be 
monitored using IR analysis. The starting material 3.5 would have broad peaks near 3200 
cm-1 to indicate the presence of catechol groups. If the reaction proved to be successful, 
the broad alcohol (OH) peaks would disappear, and peaks for the added carbonyls in the 
mesyl groups on compound 3.6 would appear near 1400 cm-1.54 Initially, the catechol 
groups were protected using methyl groups. These protecting groups proved difficult to 
remove in the final workup. A boron tribromide deprotection was performed but resulted 
in low yields and difficult-to-separate byproducts, including methylbromide and 
hydrobromic acid. A deprotection using aluminum trichloride was also unsuccessful in 
removing the protecting group without forming unfavorable byproducts. Tert-
butyldimethylsilyl chloride (TBDMS) as a protecting group was a successful alternative 
approach to the initial procedures. However, the mesyl protecting groups ultimately used 
for protecting the catechol groups increased the efficiency of the protection and 
deprotection steps and was chosen over TBDMS. 
After the protection step, the aldehyde functional group on compound 3.6 was 
reduced to a primary OH using NaBH4, a common reducing agent. 
1H NMR would show 
the success of the reduction when the aldehyde signal at 10.23 ppm disappeared, and a 
new signal near 4-5 ppm appeared, signifying the reduction of the sp2 hybridized carbon 
to a sp3 hybridization. Similar to the IR analysis for compound 3.6, the appearance of a 
broad OH peak near 3200 cm-1 while retaining the carbonyl peaks from the mesyl groups 
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would suggest the reaction was successful in reducing the aldehyde to a primary OH and 
yielding compound 3.7. Compound 3.7 was reacted with PBr3 to promote a nucleophilic 
substitution of the OH with bromine and to form compound 3.8. The progress of this 
reaction analyzed using IR would indicate success when the broad OH peak disappeared. 
The stretching for the halide on compound 3.8 would appear in the fingerprint region 
(700-500 cm-1) of the IR spectra.55 
 Compound 3.8 and propargylamine were reacted to synthesize the mesyl 
protected tripodal arm portion, compound 3.9, of the final sensor. The experimental 
procedures performed to synthesize compound 3.9 yielded two products: compound 3.9 
with two additions of 3.8 and a product with one addition of 3.8. The other product 
occurred when the nucleophilic substitution mechanism failed to occur twice to produce 
the desired compound 3.9. The successful synthesis of compound 3.9 in the mixture 
could be determined by MS analysis (m/z = 612.1). An MS analysis of the mixture would 
separate both products by mass and allow for the determination of the formation of 
compound 3.9. The other product with only one addition of compound 3.8 would appear 
in a mass spectrum with m/z = 334.2; whereas, compound 3.9 would exhibit a m/z = 
612.1. Other methods including NMR and IR would prove the product challenging to 
separate, resulting from the symmetry of compound 3.9 and similarities in functional 
groups of both products, respectively.  
The mixture of major and minor products from the tripodal arm reaction would be 
used to attempt the final sensor 3.10 synthesis. The products of the previous reaction, 
CuSO4, and sodium ascorbate would be reacted to yield the mesyl protected sensor. A 
deprotection using NaBH4 would be carried out overnight to yield the final tripodal 
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sensor 3.10 with deprotected catechol groups. The products should produce sensor 3.10, 
and another product resulting from the click reaction between the other tripodal arm 
product and rhodamine 6G azide. The final sensor required two catechol groups to better 
mimic the structure of Enterobactin’s three catechol group design (Figure 4). The success 
of the click reaction could be verified using MS analysis as the desired mesyl protected 
sensor would exhibit a m/z = 1094.3. Additionally, IR analysis would indicate successful 




Chapter 5 – Conclusion  
 The purpose of this research was to synthesize a rhodamine-based artificial 
siderophore with improved selectivity for Fe3+. Although rhodamine-based probes in the 
literature proved to be sensitive to Fe3+ ions, interference from other metal ions continued 
to appear regardless of the claimed “selectivity.” To improve Fe3+ selectivity, the 
synthesis of a tripodal molecular sensor was attempted through the proposed mechanism 
(Scheme 4.1). Rhodamine 6G azide was successfully synthesized from rhodamine 6G 
and 2-azidoethanamine. Additionally, the tripodal arm portion of the sensor was 
successfully formed. The research covered in this thesis did not advance to form the final 
sensor or perform the deprotection of the catechol groups. In future research, the 
rhodamine 6G azide and tripodal arm will undergo a click reaction to yield the final 
sensor. The deprotection of the alcohols will then be performed to yield the catechol 
motifs expected to coordinate with Fe3+ ions. Further studies to be performed will assess 
the sensor’s complexation properties, binding constants, and spectroscopic 
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